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ABSTRACT
We present the Galactic merger rate for double neutron star (DNS) binaries using the observed sample
of eight DNS systems merging within a Hubble time. This sample includes the recently discovered,
highly relativistic DNS systems J1757−1854 and J1946+2052, and is approximately three times the
sample size used in previous estimates of the Galactic merger rate by Kim et al. Using this sample, we
calculate the vertical scale height for DNS systems in the Galaxy to be z0 = 0.4±0.1 kpc. We calculate
a Galactic DNS merger rate of RMW = 42+30−14 Myr−1 at the 90% confidence level. The corresponding
DNS merger detection rate for Advanced LIGO is RLIGO = 0.18+0.13−0.06 × (Dr/100 Mpc)3 yr−1, where
Dr is the range distance. Using this merger detection rate and the predicted range distance of 120–
170 Mpc for the third observing run of LIGO (Laser Interferometer Gravitational-wave Observatory,
Abbott et al., 2018), we predict, accounting for 90% confidence intervals, that LIGO–Virgo will
detect anywhere between zero and two DNS mergers. We explore the effects of the underlying pulsar
population properties on the merger rate and compare our merger detection rate with those estimated
using different formation and evolutionary scenario of DNS systems. As we demonstrate, reconciling
the rates are sensitive to assumptions about the DNS population, including its radio pulsar luminosity
function. Future constraints from further gravitational wave DNS detections and pulsar surveys
anticipated in the near future should permit tighter constraints on these assumptions.
Keywords: pulsars: general — pulsars: individual (PSR J0737–3039A, PSR J1757–1854, PSR
1946+2052, PSR B1913+16, PSR B1534+12, PSR J1906+0746, PSR J1756–2251, PSR
J1913+1102) — gravitational waves
1. INTRODUCTION
The first close binary with two neutron stars (NSs)
discovered was PSR B1913+16 (Hulse & Taylor 1975).
This double neutron star (DNS) system, known as the
Hulse-Taylor binary, provided the first evidence for the
existence of gravitational waves through measurement of
orbital period decay in the system (Taylor & Weisberg
1982). This discovery resulted in a Nobel Prize being
awarded to Hulse and Taylor in 1993. The discovery
of the Hulse-Taylor binary opened up exciting possibili-
ties of studying relativistic astrophysical phenomena and
testing the general theory of relativity and alternative
theories of gravity in similar DNS systems (Stairs 2008).
Despite the scientific bounty on offer, relatively few
DNS systems have been discovered since the Hulse-
Taylor binary, with only 15 more systems discovered
since. DNS systems are intrinsically rare since they re-
quire the binary system to remain intact with both com-
ponents of the system undergoing supernova explosions
to reach the final neutron star stage of their evolution. In
addition, DNS systems are very hard to detect because
of the large accelerations experienced by the two neutron
stars in the system, which results in large Doppler shifts
in their observed rotational periods (Bagchi et al. 2013).
As demonstrated in the Hulse-Taylor binary, the or-
bit of these DNS systems decays through the emission of
gravitational waves which eventually leads to the merger
of the two neutron stars in the system (Taylor & Weis-
berg 1982). DNS mergers are sources of gravitational
waves that can be detected by ground-based detectors
such as the Laser Interferometer Gravitational-Wave Ob-
servatory (LIGO, Harry & LIGO Scientific Collabora-
tion 2010) in the USA and the Virgo detector (Accadia
et al. 2012) in Europe. Very recently, one such double
neutron star (DNS) merger was observed by the LIGO-
Virgo network (Abbott et al. 2017a) which was also
detected across the electromagnetic spectrum (Abbott
et al. 2017b), heralding a new age of multi-messenger
gravitational wave astrophysics.
We can predict the number of such DNS mergers that
the LIGO-Virgo network will be able to observe by de-
termining the merger rate in the Milky Way, and then
extrapolate it to the observable volume of the LIGO-
Virgo network. The first such estimates were provided
by Phinney (1991) and Narayan et al. (1991) based on
the DNS systems B1913+16 (Hulse & Taylor 1975) and
B1534+12 (Wolszczan 1991). A more robust approach
for calculating the merger rate was developed by Kim
et al. (2003, hereafter KKL03), on the basis of which
Burgay et al. (2005) and Kim et al. (2010, 2015) were
able to update the merger rate by including the Dou-
ble Pulsar J0737–3039 system (Lyne et al. 2004; Burgay
et al. 2005).
In the method described in KKL03, which we adopt
in this work, we simulate the population of DNS sys-
tems like the ones we have detected by modelling the
selection effects introduced by the different pulsar sur-
veys in which these DNS systems are discovered or re-
detected. This population of the DNS systems is then
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2suitably scaled to account for the lifetime of the DNS
systems and the number of such systems in which the
pulsar beam does not cross our line of sight. We are
only interested in those DNS systems that will merge
within a Hubble time. Using this methodology, Kim
et al. (2015) estimated the Galactic merger rate to be
Rg = 21+28−14 Myr−1 and the total merger detection rate
for LIGO to be RLIGO = 8+10−5 yr−1, with errors quoted
at the 95% confidence interval, assuming a horizon dis-
tance of Dh = 445 Mpc, and with the B1913+16 and
J0737–3039 systems being the largest contributors to the
rates.
However, Chen et al. (2017) recommend that the range
distance, Dr, is the correct distance estimate to convert
from a merger rate density to a detection rate. For Eu-
clidean geometry, this range distance is a factor of 2.264
smaller than the horizon distance, Dh, which is the dis-
tance estimate used in all previous estimates of the LIGO
detection rate. Abbott et al. (2018) calculate the range
distance for the first and second observing runs of LIGO
to be 60–80 Mpc and 60–100 Mpc respectively. The
range distance for the upcoming third LIGO observing
run is predicted to be in the range 120–170 Mpc (Abbott
et al. 2018). Correspondingly, we correct the Kim et al.
(2015) merger rate for LIGO by scaling their Galactic
merger rate to a range distance of 100 Mpc (Eq. 14 in
Kim et al. 2015). This gives us a revised detection rate
for LIGO of
RLIGO = 0.09+0.12−0.06 ×
(
Dr
100 Mpc
)3
yr−1. (1)
In this work, we include five new DNS systems into the
estimation of the merger rate. Out of these five systems,
two, J1757–1854 (Cameron et al. 2017), with a time to
merger of 76 Myr, and 1946+2052 (Stovall et al. 2018),
with a time to merger of 46 Myr, are highly relativis-
tic systems that will merge on a timescale shorter than
that of the Double Pulsar, which had the previous short-
est time to merger of 85 Myr. The other DNS systems
that we include in our analysis, J1906+0746 (Lorimer
et al. 2006), J1756–2251 (Faulkner et al. 2005), and
J1913+1102 (Lazarus et al. 2016), are not as relativistic,
but are important to accurately modelling the complete
Milky Way merger rate. These systems were not included
in the previous studies due to insufficient evidence for
them being DNS systems. However, van Leeuwen et al.
(2015, for J1906+0746), Ferdman et al. (2014, for J1756–
2251), and Ferdman (2017, for J1913+1102) have estab-
lished through timing observations that these are DNS
systems.
We tabulate the properties of all the known DNS bi-
naries in the Milky Way, sorted by their time to merger,
in Table 1. With the inclusion of the five additional sys-
tems, our sample size for calculating the merger rate is
almost three times the one used in Kim et al. (2015). In
Section 2, we describe the pulsar population characteris-
tics and survey selection effects that are implemented in
this study. In Section 3, we briefly describe the statistical
analysis methodology presented in KKL03 and present
our results on the individual and total merger rates. In
Section 4, we discuss the implications of our merger rates
and compare our total merger rate with that predicted
by the LIGO-Virgo group and that estimated through
studying the different formation and evolutionary sce-
narios for DNS systems.
2. PULSAR SURVEY SIMULATIONS
To model the pulsar population and survey selection
effects, we make use of the freely available PsrPopPy1
software (Bates et al. 2014; Agarwal et al. in prep) for
generating the population models and writing our own
Python code2 (Pol 2018a,b) to handle all the statistical
computation. Here, we describe some of the important
selection effects that we model using PsrPopPy.
2.1. Physical, luminosity and spectral index distribution
Since we want to calculate the total number of DNS
systems like the ones that have been observed, we fix
the physical parameters of the pulsars generated in our
simulation to represent the DNS systems in which we
are interested. These physical parameters include the
pulse period, pulse width, and orbital parameters like
eccentricity, orbital period, and semi-major axis.
However, even if the physical parameters of the pul-
sars are the same, their luminosity will not be the same.
Thus, to model the luminosity distribution of these pul-
sars, we use a log-normal distribution with a mean of
〈log10L〉 = −1.1 (L = 0.07 mJy kpc2) and standard de-
viation, σlog10L = 0.9 (Faucher-Gigure & Kaspi 2006).
We also vary the spectral index of the simulated pul-
sar population. We assume the spectral indices have a
normal distribution, with mean, α = −1.4, and standard
deviation, β = 1 (Bates et al. 2013).
2.2. Surveys chosen for simulation
All of the DNS systems that merge within a Hubble
time have either been detected or discovered in the fol-
lowing surveys: the Pulsar Arecibo L-band Feed Array
survey (PALFA, Cordes et al. 2006), the High Time-
Resolution Universe pulsar survey (HTRU, Keith et al.
2010), the Parkes High-latitude pulsar survey (Burgay
et al. 2006), the Parkes Multibeam Survey (Manchester
et al. 2001), and the survey carried out by Wolszczan
(1991) in which B1534+12 was discovered. All of these
surveys together cover more area on the sky than that
covered by the 18 surveys simulated in KKL03 and by
Kim et al. (2015), who included the Parkes Multibeam
Pulsar survey in addition to the 18 surveys simulated in
KKL03.
We implement these surveys in our simulations with
PsrPopPy. We generate a survey file (see Sec. 4.1 in
Bates et al. 2014) for each of these surveys using the
published survey parameters. These parameters are then
used to estimate the radiometer noise in each survey,
which, along with a fiducial signal-to-noise cut-off, will
determine whether a pulsar from the simulated popula-
tion can be detected with a given survey. For example,
one important difference in these surveys is their integra-
tion time, which ranges from 34 s for Arecibo drift-scan
surveys to 2100 s in the Parkes Multibeam survey. Other
selection effects can be introduced through differences in
the sensitivity of the different surveys, the portion and
area of the sky covered and minimum signal-to-noise ra-
tio cut-offs.
1 https://github.com/devanshkv/PsrPopPy2
2 https://github.com/NihanPol/2018-DNS-merger-rate
3l b P P˙ DM Pb a e z Merger time
PSR (deg) (deg) (ms) (10−18 s/s) (pc cm−3) (days) (lt-s) (kpc) (Gyr)
Non-merging systems
J1518+4904 80.8 54.3 40.9 0.027 12 8.63 20.0 0.25 0.78 2400
J0453+1559 184.1 −17.1 45.8 0.19 30 4.07 14.5 0.11 −0.15 1430
J1811−1736 12.8 0.4 104.2 0.90 476 18.78 34.8 0.83 0.03 1000
J1411+2551 33.4 72.1 62.4 0.096 12 2.62 9.2 0.17 1.08 460
J1829+2456 53.3 15.6 41.0 0.052 14 1.18 7.2 0.14 0.24 60
J1753−2240 6.3 1.7 95.1 0.97 159 13.64 18.1 0.30 0.09 -
J1930−1852 20.0 −16.9 185.5 18.0 43 45.06 86.9 0.40 −0.58 -
Merging systems
B1534+12 19.8 48.3 37.9 2.4 12 0.42 3.7 0.27 0.79 2.70
J1756−2251 6.5 0.9 28.5 1.0 121 0.32 2.8 0.18 0.01 1.69
J1913+1102 45.2 0.2 27.3 0.16 339 0.21 1.7 0.09 0.02 0.50
J1906+0746 41.6 0.1 144.0 20000 218 0.17 1.4 0.08 0.02 0.30
B1913+16 50.0 2.1 59.0 8.6 169 0.32 2.3 0.62 0.19 0.30
J0737−3039A 245.2 −4.5 22.7 1.8 49 0.10 1.4 0.09 −0.09 0.085
J0737−3039B 245.2 −4.5 2773.5 890 49 0.10 1.5 0.09 −0.09 0.085
J1757−1854 10.0 2.9 21.5 2.6 378 0.18 2.2 0.60 0.37 0.076
J1946+2052 57.7 −2.0 16.9 0.90 94 0.08 1.1 0.06 −0.14 0.046
Table 1
The current sample of DNS systems ranked in decreasing order of time to merger, along with the relevant pulsar and orbital properties.
We only consider those systems that will merge within a Hubble time for the merger rate analysis.
PSR J1757–1854 was discovered in the HTRU low-
latitude survey using a novel search technique (Cameron
et al. 2017). As described in Ng et al. (2015), the origi-
nal integration time of 4300 s of the HTRU low-latitude
survey was successively segmented by a factor of two into
smaller time intervals until a pulsar was detected. This
has the effect of reducing Doppler smearing due to ex-
treme orbital motion in tight binary systems (see Sec. 2.4
for more on Doppler smearing). The shortest segmented
integration time used in their analysis is 537 s (one-eighth
segment), which implies that the data are sensitive to bi-
nary systems with orbital periods Pb ≥ 1.5 hr (Ng et al.
2015). All of these segments are searched for pulsars in
parallel. We use the integration time of 537 s in our anal-
ysis to ensure that the HTRU survey is sensitive to all the
DNS systems included in this analysis. We demonstrate
the effect of this choice in Sec. 4.2.1.
The survey files are available in the GitHub repository
associated with this paper.
2.3. Spatial distribution
For the radial distribution of the DNS systems in the
Galaxy, like Kim et al. (2015), we use the model pro-
posed in Lorimer et al. (2006). For the distribution of
pulsars in terms of their height, z, with respect to the
Galactic plane, we use the standard two-sided exponen-
tial function (Lyne 1998; Lorimer et al. 2006),
f(z) ∝ exp
(−|z|
z0
)
(2)
where z0 is the vertical scale height. To constrain z0, we
simulate DNS populations with a uniform period distri-
bution ranging from 15 ms to 70 ms, consistent with the
periods of the recycled pulsars in the DNS systems listed
in Table 1, and the aforementioned luminosity and spec-
tral index distribution. We generate these populations
with vertical scale heights ranging from z0 = 0.1 kpc to
z0 = 2 kpc. We run the surveys described in Section 2.2
on these populations to determine the median vertical
scale height of the pulsars that are detected in these sur-
veys. We also calculate the median DM×sin(|b|), which
is more robust against errors in converting from disper-
sion measure to a distance using the NE2001 Galactic
electron density model (Cordes & Lazio 2002).
We compare these values at different input vertical
scale heights with the corresponding median values for
the real DNS systems. We show the median DM×sin(|b|)
value and the median vertical z-height of the pulsars de-
tected in the simulations as a function of the input z0
in Figs. 1 and 2 respectively. In both of these plots, the
median values of the real DNS population are plotted as
the red dashed line, with the error on the median shown
by the shaded cyan region. As can be seen, the analy-
sis using DM×sin(|b|) predicts a vertical scale height of
z0 = 0.4± 0.1 kpc, while the analysis using the z-height
estimated using the NE2001 model (Cordes & Lazio
2002) returns a vertical scale height of z0 = 0.4
+0.3
−0.2 kpc.
While both these values are consistent with each other,
the vertical scale height returned by the DM×sin(|b|)
analysis yields a better constraint on the scale height
which is more inline with vertical scale heights for or-
dinary pulsars (0.33 ± 0.029 kpc, Mdzinarishvili & Me-
likidze 2004; Lorimer et al. 2006) and millisecond pulsars
(0.5 kpc, Levin et al. 2013). We expect the neutron stars
that exist in DNS systems, and particularly those DNS
systems that merge within a Hubble time, to be born
with small natal kicks so as not to disrupt the orbital
system. Consequently, we would expect these systems to
be closer to the Galactic plane than the general millisec-
ond pulsar population. As a result, we adopt a vertical
scale height of z = 0.33 kpc as a conservative estimate
on the vertical scale height of the DNS population distri-
bution. This difference in the vertical scale height does
not result in a significant change in the merger rates.
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Figure 1. Median observed DM×sin(|b|) plotted versus the input
scale height z0 used for the simulated population. The median
DM×sin(|b|) value of the real observed population is shown as the
horizontal dashed line, with the shaded cyan region depicting 1σ
error. We can see that populations generated with vertical scale
heights ranging from 0.3 kpc to 0.5 kpc agrees with the observed
sample.
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Figure 2. Median vertical scale height calculate using the NE2001
model plotted versus the input scale height z0 used for the simu-
lated population. The median vertical scale height of the real ob-
served population is shown as the horizontal dashed line, with the
shaded cyan region depicting 1σ error. We can see that popula-
tions generated with vertical scale heights ranging from 0.2 kpc to
0.7 kpc agree with the observed sample.
2.4. Doppler Smearing
The motion of the pulsar in the orbit of the DNS sys-
tem introduces a Doppler shifting of the observed pulse
period. The extent of the Doppler shift depends on the
velocity and acceleration of the pulsar in different parts
of its orbit. This Doppler shift results in a reduction in
the signal-to-noise ratio for the observation of the pulsar
(Bagchi et al. 2013).
To account for this effect, we use the algorithm devel-
oped by Bagchi et al. (2013), which quantifies the reduc-
tion in the signal-to-noise ratio as a degradation factor,
0 < γ < 1, averaged over the entire orbit. This degra-
dation factor depends on the orbital parameters of the
DNS system (such as eccentricity and orbital period),
the mass of the two neutron stars, the integration time
for the observation, and the search technique used in
the survey (for example, HTRU and PALFA surveys use
acceleration-searches; Bagchi et al. 2013). A degradation
factor γ ∼ 1 implies very little Doppler smearing, while a
degradation factor γ ∼ 0 implies heavy Doppler smearing
in the pulsar’s radio emission.
The implementation of the algorithm as a Fortran pro-
gram was kindly provided to us by the authors of Bagchi
et al. (2013), which we make available3 with their per-
mission. Since PsrPopPy does not include functionality
to handle this degradation factor, we had to manually
introduce the degradation factor into the source code of
PsrPopPy. The modified PsrPopPy source files are also
available on the GitHub repository.
2.5. Beaming correction factor
The beaming correction fraction, fb, is defined as the
inverse of the pulsar’s beaming fraction, i.e. the solid
angle swept out by the pulsar’s radio beam divided by
4pi. PSRs B1913+16, B1534+12, and J0737–3039A/B
have detailed polarimetric observation data, from which
precise measurement of their beaming fractions, and
thus, their beaming corrections factors has been possi-
ble. These beaming corrections are collected in Table 2
of Kim et al. (2015).
However, the other merging DNS systems are relatively
new discoveries and do not have measured values for their
beaming fractions. Thus, we assume that the beaming
correction factor for these new pulsars is the average
of the measured beaming correction factor for the three
aforementioned pulsars, i.e. 4.6. We list these beaming
fractions in Table 2, and defer discussion of their effect
on the merger rate for Section 4.
2.6. Effective lifetime
The effective lifetime of a DNS binary, τlife, is defined
as the time interval during which the DNS system is de-
tectable. Thus, it is the sum of the time since the for-
mation of the DNS system and the remaining lifetime of
the DNS system,
τlife = τage + τobs
= min
(
τc, τc
[
1− Pbirth
Ps
]n−1)
+ min(τmerger, τd).
(3)
Here τc = Ps/(n − 1)P˙s is the characteristic age of the
pulsar, n is the braking index, assumed to be 3, Pbirth
is the period of the millisecond pulsar at birth, i.e. when
it begins to move away from the fiducial spin-up line
on the P − P˙ diagram, Ps is the current spin period of
the pulsar, τmerger is the time for the DNS system to
merge, and τd is the time in which the pulsar crosses the
“death line” beyond which pulsars should not radiate
significantly (Chen & Ruderman 1993).
Unlike normal pulsars, the characteristic age, τc, for
millisecond and recycled pulsars may not be a very good
indicator of the true age of the pulsar. This is due to
the fact that the period of the pulsar at birth is much
3 https://github.com/NihanPol/SNR_degradation_factor_
for_BNS_systems
5smaller than the current period of the pulsar, which is
not true for recycled millisecond pulsars found in DNS
systems. A better estimate for the age of a recycled
millisecond pulsar can be calculated by measuring the
distance of the pulsar from a fiducial spin-up line on the
P − P˙ diagram (Arzoumanian et al. 1999), represented
by the second part of the first term in Eq. 3.
Finally, the time for which a given DNS system is de-
tectable after birth depends on whether we are observ-
ing the non-recycled companion pulsar (J0737–3039B,
J1906+0746) or the recycled pulsar in the DNS system
(e.g. B1913+16, J1757–1854, J1946+2052, etc.). In the
latter case, the combination of a small spin-down rate
and millisecond period ensures that the DNS system re-
mains detectable until the epoch of the merger. However,
for the former case, both the period and spin-down rate
are at least an order of magnitude larger than their re-
cycled counterparts. As such, the time for which these
systems are detectable depends on whether they cross the
pulsar “death line” before their epoch of merger (Chen &
Ruderman 1993). The radio lifetime of any pulsar is de-
fined as the time it takes the pulsar to cross this fiducial
“death line” on the P − P˙ diagram (Chen & Ruderman
1993).
We estimate the radio lifetime for J1906+0746 using
two different techniques. One estimate is described by
Chen & Ruderman (1993) and assumes a simple dipo-
lar rotator to find the time to cross the deathline. Us-
ing Eq. 6 in their paper we calculate a radio lifetime
of τd ∼ 3 Myr for J1906+0746. However, as discussed
in Chen & Ruderman (1993), the death line for a pure
dipolar rotator might not be an accurate turn-off point
for pulsars, with many observed pulsars lying past this
line on the P−P˙ diagram. A better estimate of the radio
lifetime might be given by Eq. 9 in Chen & Ruderman
(1993), which assumes a twisted field configuration for
pulsars. Using this, we find τd ∼ 30 Myr. Another esti-
mate for the radio lifetime can be made from spin-down
energy loss considerations. Adopting the formalism given
in van den Heuvel & Lorimer (1996), we find, for a sim-
ple dipolar spin-down model, that a pulsar with a current
spin-down energy loss rate E˙now and characteristic age τ
will reach a cut-off E˙ value of 1030 ergs/s below which
radio emission through pair production is suppressed on
a timescale
τd = τc
√ E˙now
E˙ = 1030
− 1
 . (4)
Using this formalism, we calculate a radio lifetime of
τd ∼ 60 Myr. This method of estimation has been used
in previous estimates (Kalogera et al. 2001; Kim et al.
2003; Kim et al. 2015) of the merger rates, and rep-
resents a conservative estimate on the radio lifetime of
J1906+0746. We adopt it here as the fiducial radio life-
time of J1906+0746 for consistency, and defer the dis-
cussion of the implications of variation in the calculated
radio lifetime to Sec. 4.
A similar analysis could be done for pulsar B in the
J0737–3039 system. However, unlike Kim et al. (2015),
we do not include B in our merger rate calculations.
The uncertainties in the radio lifetime are very large,
as for PSR J1906+0746, and therefore pulsar A provides
a much more reliable estimate of the numbers of such
systems. In addition, unlike J1906+0746, pulsar B also
shows large variations in its equivalent pulse width (Kim
et al. 2015), and thus, its duty cycle, due to pulse pro-
file evolution through geodetic precession (Perera et al.
2010). This also leads to an uncertainty in its beaming
correction factor (see Fig. 4 in Kim et al. 2015). There
are additional uncertainties introduced by pulsar B ex-
hibiting strong flux density variations over a single orbit
around A. All these factors introduce a large uncertainty
in the merger rate contribution from B, and do not pro-
vide better constraints on the merger rate compared to
when only pulsar A is included (Kim et al. 2015). Fi-
nally, the Double Pulsar system was discovered through
pulsar A and will remain detectable through pulsar A
long after B crosses the death line. Due to these reasons,
we do not include pulsar B in our analysis.
3. STATISTICAL ANALYSIS AND RESULTS
Our analysis is based on the procedure laid out in Kim
et al. (2003) (hereafter KKL03). For completeness, we
briefly outline the process below.
We generate populations of different sizes, Ntot, for
each of the known, merging DNS systems which are
beaming towards us in physical and radio luminosity
space using the observed pulse periods and pulse widths.
The choice of the physical and luminosity distribution
is discussed in Sec. 2.1. On each population, we run
the surveys described in Sec. 2.2 to determine the total
number of pulsars that will be detected, Nobs, in those
surveys. The population size, Ntot, that returns a detec-
tion of one pulsar, i.e. Nobs = 1, will represent the true
size of the population of that DNS system.
For a given Ntot pulsars of some type in the Galaxy,
and the corresponding Nobs pulsars that are detected,
we expect the number of observed pulsars to follow a
Poisson distribution:
P (Nobs;λ) =
λNobse−λ
Nobs!
(5)
where, by definition, λ ≡ 〈Nobs〉. Following arguments
presented in KKL03, we know that the linear relation
λ = αNtot (6)
holds. Here α is a constant that depends on the prop-
erties of each of the DNS system populations and the
pulsar surveys under consideration.
The likelihood function, P (D|HX), where D = 1 is
the real observed sample, H is our model hypothesis, i.e.
λ which is proportional to Ntot, and X is the population
model, is defined as:
P (D|HX) = P (1|λ(Ntot), X) = λ(Ntot)e−λ(Ntot) (7)
Using Bayes’ theorem and following the derivation
given in KKL03, the posterior probability distribution,
P (λ|DX), is equal to the likelihood function. Thus,
P (λ|DX) ≡ P (λ) = P (1|λ(Ntot), X) = λ(Ntot)e−λ(Ntot).
(8)
Using the above posterior distribution function, we can
calculate the probability distribution for Ntot,
P (Ntot) = P (λ)
∣∣∣∣ dλdNtot
∣∣∣∣ = α2Ntote−αNtot (9)
6For a given total number of pulsars in the Galaxy, we
can calculate the corresponding Galactic merger rate, R,
using the beaming fraction, fb, of that pulsar and its
lifetime, τlife, as follows:
R = Ntot
τlife
fb. (10)
Finally, we calculate the Galactic merger rate probability
distribution
P (R) = P (Ntot)dNtot
dR =
(
α τlife
fb
)2
R e−(ατlife/fb)R.
(11)
Following the above procedure for all the merging DNS
systems, we obtain the individual Galactic merger rates
for each system, which are shown in Fig. 3.
3.1. Calculating the total Galactic merger rate
After calculating individual merger rates from each
DNS system, we need to combine these merger rate prob-
ability distributions to find the combined Galactic proba-
bility distribution. We can do this by treating the merger
rate for the individual DNS systems as independent con-
tinuous random variables. In that case, the total merger
rate for the Galaxy will be the arithemtic sum of the
individual merger rates
RMW =
8∑
i=1
Ri (12)
with the total Galactic merger rate probability distribu-
tion given by a convolution of the individual merger rate
probability distributions,
P (RMW) =
8∏
i=1
P (Ri) (13)
where
∏
denotes convolution. As the number of known
DNS systems increases over time, the method of convolu-
tion of individual merger rate PDFs is more efficient than
computing an explicit analytic expression as in KKL03
and Kim et al. (2015).
Combining all the individual Galactic merger rates,
we obtain a total Galactic merger rate of RMW =
42+30−14 Myr
−1, which is shown in Fig. 4.
3.2. The merger detection rate for advanced LIGO
The Galactic merger rate calculated above can be ex-
trapolated to calculate the number of DNS merger events
that LIGO will be able to detect. Assuming that the
DNS formation rate is proportional to the formation
rate of massive stars, which is in turn proportional to
the B-band luminosity of a given galaxy (Phinney 1991;
Kalogera et al. 2001), the DNS merger rate within a
sphere of radius D is given by (Kopparapu et al. 2008)
RLIGO = RMW
(
Ltotal(D)
LMW
)
(14)
where Ltotal(D) is the total blue luminosity within a dis-
tance D, and LMW = 1.7 × 1010LB,, where LB, =
2.16×1033 ergs/s, is the B-band luminosity of the Milky
Way (Kopparapu et al. 2008).
Using a reference LIGO range distance of Dr =
100 Mpc (Abbott et al. 2018), and following the argu-
ments laid out in Kopparapu et al. (2008), we can cal-
culate the rate of DNS merger events visible to LIGO
(equation 19 in Kopparapu et al. 2008)
RLIGO = N
T
= 7.4×10−3
( R
(1010LB,)−1 Myr−1
)(
Dr
100 Mpc
)3
yr−1
(15)
where N is the number of mergers in T years, and R =
RMW/LMW is the Milky Way merger rate weighted by
the Milky Way B-band luminosity.
Using the above equation, we calculate the DNS
merger detection rate for LIGO,
RLIGO ≡ RPML18 = 0.18+0.13−0.06 ×
(
Dr
100 Mpc
)3
yr−1,
(16)
where we useRPML18 to distinguish our merger detection
rate estimate from the others that will be referred to later
in the paper.
4. DISCUSSION
In this paper, we consider eight DNS systems that
merge within a Hubble time, and using the procedure
described in KKL03 estimate the Galactic DNS merger
rate to be RMW = 42+30−14 Myr−1 at 90% confidence. This
is a modest increase from the most recent rate calculated
by Kim et al. (2015, RMW = 21+28−14 Myr−1 at the 95%
confidence level), despite the addition of five new DNS
systems in our analysis. This is due to the addition of
two large scale surveys (the PALFA and HTRU surveys)
to our analysis, as a result of which we are sampling
a significantly larger area on the sky than Kim et al.
(2015). This larger fraction of the sky surveyed, cou-
pled with only a few new DNS discoveries, contributes
to the overall reduction in the population of the individ-
ual DNS systems. For example, Kim et al. (2015) predict
that there should be ∼907 J0737–3039A-like systems in
the galaxy, while our analysis predicts a lower value of
∼465 such systems. This reduced population of individ-
ual DNS systems leads to a reduction in their respective
contribution to the merger rate.
Irrespective of the reduction in the individual DNS sys-
tem population, the five new DNS systems added in this
analysis cause an overall increase in the Galactic merger
rate. As shown in Fig. 3, J1757–1854, J1946+2052
and J1906+0746 have the highest contributions to the
merger rate along with J0737–3039 and B1913+16, while
the other two DNS systems of J1913+1102 and J1756–
2251 round out the Galactic merger rate with relatively
smaller contributions. We do not consider pulsar B from
the J0737–3039 system in our analysis. The inclusion of
pulsar A is sufficient to model the contribution of the
Double Pulsar to the merger rates (Kim et al. 2015) and
the inclusion of B does not lead to a better constraint on
the merger rate.
4.1. Comparison with the LIGO DNS merger detection
rate
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Figure 3. Probability distribution function of the Galactic merger rate of each individual DNS system. We can see that J1757–1854,
J1946+2052, J0737–3039 and B1913+16 have the largest individual merger rates, followed by J1906+0746 and then B1534+12, J1756–2251
and J1913+1102.
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Figure 4. The total Milky Way DNS merger rate probability
distribution function. This distribution is obtained by convolution
of the indivual merger rate probability distributions as described in
Section 3. The shaded region denotes the 90% confidence interval,
which was calculated starting from the peak of the distribution and
collecting 45% probability on both sides of the peak independently,
while the vertical dashed lines represent the limits on the Milky
Way DNS merger rate at the 90% confidence interval.
The recent detection of a DNS merger by LIGO (Ab-
bott et al. 2017a) enabled a calculation of the rate of DNS
mergers visible to LIGO (Abbott et al. 2017a). The rate
that was calculated in Abbott et al. (2017a), converted
to the units used in our calculations, is
RLIGO ≡ RA17 = 1.54+3.20−1.22 ×
(
Dr
100 Mpc
)3
yr−1 (17)
where RA17 is the merger detection rate and the errors
quoted are 90% confidence intervals.
We plot both the rate estimates in Figure 5. This
rate estimated by LIGO is in agreement with the DNS
merger detection rate that we calculate using the Milky
Way DNS binary population, RPML18, at the upper end
of the 90% confidence level range.
4.2. Caveats on our merger and detection rates
4.2.1. Luminosity distribution
In generating the populations of each type of DNS sys-
tem in the Galaxy, we assumed a log-normal distribution
with a mean of 〈log10L〉 = −1.1 and standard devia-
tion, σlog10L = 0.9 (Faucher-Gigure & Kaspi 2006). This
distribution was found to adequately represent ordinary
pulsars by Faucher-Gigure & Kaspi (2006). However, the
DNS system population might not be well represented
by this distribution. The dearth of known DNS systems
prevents an accurate measurement of the mean and stan-
dard deviation of the log-normal distribution for the DNS
population.
The sample of DNS systems in the Galaxy might be
well represented by the sample of recycled pulsars in the
8PSR fb δ τage Nobs Npop R
(Myr) (Myr−1)
B1534+12 6.0 0.04 208 114+519−80 688
+2546
−483 0.2
+1.1
−0.1
J1756−2251 4.6 0.03 396 138+627−96 633+2878−440 0.4+1.7−0.3
J1913+1102 4.6 0.06 2625 182+830−132 834
+3813
−605 0.3
+1.2
−0.2
J1906+0746 4.6 0.01 0.11 62+276−36 284
+1265
−165 4.7
+21.1
−2.7
B1913+16 5.7 0.169 77 182+822−132 1040
+4706
−754 2.8
12.3
−2.0
J0737−3039A 2.0 0.27 159 465+2097−347 931+4193−695 3.9+17.4−2.9
J1757−1854 4.6 0.06 87 198+906−144 908+4161−660 5.6+25.7−4.1
J1946+2052 4.6 0.06 247 306+1397−224 1402
+6417
−1026 4.8
+21.9
−5.5
Table 2
Parameters and results from the DNS merger rate analysis described in Section 3. Here fb is the beaming correction factor, δ is the pulse
duty cycle, τage is the effective age described in Section 3, Nobs is the number of each DNS system that are beaming towards the Earth,
Npop is the total number of each DNS system in the Milky Way, and R is the merger rate of each individual DNS system population, the
probability distribution function for which is shown in Fig. 3. The errors on the quantities represent 95% confidence interval.
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Figure 5. We compare the variation in the merger detection rate calculated in this work with change in the different underlying assumptions
used in the derivation of the rate. We show the effects of variation in the luminosity distribution of the DNS population, assuming a large
beaming correction factor, and including the contribution of elliptical galaxies in LIGO’s observable volume (see text for details). We also
plot the modified merger detection rate that includes both the correction for elliptical galaxies and a fainter DNS population. We do not
include in this the overestimated beaming correction factor effect as we do not think the beaming correction factors will differ significantly
from those assumed in this work.
Galaxy. Bagchi et al. (2011) analyzed the luminosity dis-
tribution of the recycled pulsars found in globular clus-
ters, and concluded that both powerlaw and log-normal
distributions accurately model the observed luminosity
distribution, though there was a wide spread in the best-
fit parameters for both distributions. They found that
the luminosity distribution derived by Faucher-Gigure &
Kaspi (2006) is consistent with the observed luminosity
distribution of recycled pulsars.
We also assumed an integration time for the HTRU
low-latitude survey (537 s) that is one-eighth of the in-
tegration time of the survey (4300 s) (see Sec. 2.2 and
Ng et al. 2015). Based on the radiometer equation, this
implies a reduction in sensitivity by a factor of ∼ 2.8
(Lorimer & Kramer 2004) in searching for a given pul-
sar.
To test the effect of the above on RPML18, we used
the results from Bagchi et al. (2011) to pick a set of
9parameters for the log-normal distribution that repre-
sents a fainter population of DNS systems in the Galaxy.
We pick a mean of 〈log10L〉 = −1.5 (consistent with
the lower flux sensitivity of the HTRU low-latitude sur-
vey) and standard deviation, σlog10L = 0.94 (Bagchi
et al. 2011). This increases our merger detection rate
to 0.36+0.15−0.13 yr
−1, which is a factor of 1.5 larger than
our calculated merger detection rate. This demonstrates
that if the DNS population is fainter than the ordinary
pulsar population, we would see a marked increase in the
merger detection rate.
4.2.2. Beaming correction factors
In our analysis, we use the average of the beaming cor-
rection factors measured for B1913+16, B1534+12, and
J0737–3039A (see Table 2) as the beaming correction
factors for the newly added DNS systems. However, the
Milky Way merger rate that we calculate is sensitive to
changes in the beaming correction factors for the newly
added DNS systems. To demonstrate this, we changed
the beaming correction factors of all the new DNS sys-
tems to 10, i.e. slightly more than twice the values that
we use. The resulting merger detection rate then in-
creases to 0.32+0.26−0.12 yr
−1, which is a 77.77% increase from
the original merger detection rate RPML18.
Even though this is a significant increase in the merger
detection rate, it is highly unlikely to see beaming correc-
tion factors as large as 10. The study by O’Shaughnessy
& Kim (2010) demonstrates that pulsars with periods
between 10 ms < P < 100 ms are likely to have beam-
ing correction factors ∼ 6, with predictions not exceed-
ing 8 in the most extreme cases (see Figs. 3 and 4 in
O’Shaughnessy & Kim 2010). As a result, we do not ex-
pect a huge change in the merger detection rate due to
variations in the beaming correction factors for the new
DNS systems added in this analysis.
4.2.3. The effective lifetime of J1906+0746
PSR J1906+0746 is an interesting DNS system which
highlights the significance of the effective lifetime in the
Galactic merger rate and the merger detection rate cal-
culations. The properties of J1906+0746 suggest that
it is similar to pulsar B in the Double Pulsar system.
However, all searches for a companion pulsar in the
J1906+0746 system have been negative (van Leeuwen
et al. 2015). Just like J0737–3039B, the combination of
a long period and high period derivative implies that the
radio lifetime of J1906+0746 might be shorter than the
coalescence timescale of the system through emission of
gravitational waves.
As shown in Sec. 2.6, there is more than an order
of magnitude variation in the estimated radio lifetime
of J1906+0746. Including the gravitational wave coa-
lescence timescale, the range of possible radio lifetimes,
and hence the effective lifetimes (the characteristic age
of J1906+0746 is a tender 110 kyr), for J1906+0746
ranges from 3 Myr < τeff < 300 Myr. This has a sig-
nificant impact on the contribution of J1906+0746 to-
wards the merger detection rate through Eq. 10, and
thus the complete merger detection rate. For example,
if τd = 3 Myr is an accurate estimate of the effective
lifetime of J1906+0746, our merger detection rate would
increase to 0.57+1.52−0.24. In this scenario, J1906+0746 would
contribute as much as∼ 95 Myr−1 to the Galactic merger
rate, compared to its contribution of ∼ 5 Myr−1 in the
fiducial scenario. However, as pointed out earlier, it is
unlikely that the effective lifetime of J1906+0746 will be
as short as τd = 3 Myr. At the other extreme, an effec-
tive lifetime of τd = 300 Myr would reduce our merger
detection rate to 0.15+0.12−0.05. This effective lifetime is al-
most certainly longer than the true effective lifetime of
J1906+0746 by about an order of magnitude as shown
by the different calculations in Sec. 2.6.
Thus, the effective lifetime of a DNS system is a signifi-
cant source of uncertainty in the merger rate contribution
of each DNS system. Fortunately, the effect of the varia-
tion in the radio lifetime is seen only in pulsars of the type
of J0737–3039B and J1906+0746, i.e. the second-born,
non-recycled younger constituents of the DNS systems.
The recycled pulsars in DNS systems have radio lifetimes
longer than the coalescence time by emission of gravita-
tional waves. In the Double Pulsar system, since both
NSs have been detected as pulsars, we can ignore pulsar
B in that system. However, the companion neutron star
in the J1906+0746 system has not yet been detected as
a pulsar, and we have to account for the uncertainty in
the radio lifetime of the detected pulsar.
4.2.4. Extrapolation to LIGO’s observable volume
In extrapolating from the Milky Way merger rate to
the merger detection rate, we assumed that the DNS
merger rate is accurately traced by the massive star for-
mation rate in galaxies, which in turn can be traced by
the B-band luminosity of the galaxies. This assump-
tion might lead to an underestimation of the contribution
of elliptical and dwarf galaxies to the merger detection
rate for LIGO. As an example, the lack of current star
formation in elliptical galaxies implies that binaries of
the J1757–1854, J1946+2052 and J0737–3039 type might
have already merged. However, there might be a popu-
lation of DNS systems like B1534+12 and J1756–2251
in those galaxies which are due for mergers around the
current epoch. However, as we see in this analysis, sys-
tems such as B1534+12 and J1756–2251 are not large
contributors to the Galactic merger rate, and should not
drastically affect the merger detection rate.
The GW170817 DNS merger event was localized to an
early type host galaxy (Abbott et al. 2017c), NGC 4993.
Im et al. (2017) concluded that NGC 4993 is a normal el-
liptical galaxy, with an SB profile consistent with a bulge-
dominated galaxy. However, this galaxy shows evidence
for having undergone a recent merger event (Im et al.
2017), which might have triggered star formation in the
galaxy. Thus, the GW170817 merger cannot conclusively
establish the presence of a significant number of DNS
mergers in elliptical galaxies. NGC 4993 is also included
in the catalog published by Kopparapu et al. (2008), with
a B-band luminosity of LB = 1.69× 1010LB, and con-
tributes in the derivation of Eq. 15 (Kopparapu et al.
2008).
Kopparapu et al. (2008) estimate that the correction to
the merger detection rate from the inclusion of elliptical
galaxies should not be more than a factor of 1.5. Fold-
ing this constant factor into our calculation, our merger
detection rate for LIGO increases to 0.27+0.20−0.09 yr
−1.
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4.2.5. Unobserved underlying DNS population in the Milky
Way
In this analysis, we assume that the population of the
DNS systems that has been detected accurately repre-
sents the “true” distribution of the DNS systems in the
Milky Way. It is possible that there exists a population
of DNS systems which has been impossible to detect due
to a combination of small fluxes from the pulsar in the
system, extreme Doppler smearing of the orbit (for rela-
tivistic systems such as J0737–3039) and extremely large
beaming correction factors (i.e. very narrow beams). Ad-
dition of more DNS systems, particularly highly relativis-
tic systems with large beaming correction factors, would
lead to an increase in the Milky Way merger rate, which
would consequently lead to an increase in the merger de-
tection rate for LIGO.
4.3. Comparison with other DNS merger rate estimates
We can also compare our merger detection rate to that
predicted through theoretical studies and simulations of
the formation and evolution of DNS binary systems. This
approach to calculating the merger detection rate factors
in the different evolutionary scenarios leading to the for-
mation of the DNS system, including modelling stellar
wind in progenitor massive star binaries, core-collapse
and electron-capture supernovae explosions, natal kicks
to the NSs and the common-envelope phase (Abadie
et al. 2010; Dominik et al. 2013, 2015). We compare
our merger detection rate to the predictions made us-
ing the above methodology following the DNS merger
detected by LIGO (Abbott et al. 2017a), i.e. the stud-
ies by Chruslinska et al. (2018) and Mapelli & Giacobbo
(2018). We plot their estimates along with those calcu-
lated in this work in Fig. 6.
Chruslinska et al. (2018), using their reference model,
calculated a merger detection rate density for LIGO of
48.4 Gpc−3 yr−1, which scaled to a range distance of
100 Mpc is equivalent to a merger detection rate of
0.0484 yr−1. This value is significantly lower than our
range of predicted merger detection rates. In addition
to the reference model, they also calculate the merger
detection rate densities for a variety of different models,
with the most optimistic model predicting a merger de-
tection rate density of 600+600−300 Gpc
−3 yr−1. Scaling this
to our reference range distance of 100 Mpc, we obtain
a merger detection rate of 0.6+0.6−0.3 yr
−1, which is con-
sistent with the LIGO calculated merger detection rate
(RA17 = 1.54+3.20−1.22 yr−1). However, this optimistic model
assumes that Hertzsprung gap (HG) donors avoid merg-
ing with their binary companions during the common-
envelope phase. Applying the same evolutionary scenario
to black hole binaries (BHBs) overestimates their merger
detection rate from that derived using the BHB merg-
ers observed by LIGO (Chruslinska et al. 2018). Thus,
for the optimistic model to be correct would need the
common-envelope process to work differently for BHB
systems as compared to DNS systems, or that BHB sys-
tems would endure a bigger natal kick in the same for-
mation scenario than DNS systems would (Chruslinska
et al. 2018).
Mapelli & Giacobbo (2018) showed that the above
problem could be avoided and a rate consistent with the
LIGO prediction of the merger detection rate (RA17 =
1.54+3.20−1.22 yr
−1) could be obtained if there is high ef-
ficiency in the energy transfer during the common-
envelope phase coupled with low kicks for both electron
capture and core-collapse supernovae. Based on their
population synthesis, they calculate a merger detection
rate density of ∼ 600 Gpc−3 yr−1 (for α = 5, low σ
in Fig. 1 Mapelli & Giacobbo 2018). The full range
of merger detection rate densities predicted by Mapelli
& Giacobbo (2018) ranges from ∼ 20 Gpc−3 yr−1 to
∼ 600 Gpc−3 yr−1, which at a range distance of 100 Mpc
corresponds to a merger detection rate ranging from
0.02 yr−1 to 0.6 yr−1. This merger detection rate is con-
sistent with that derived in this work, and lends credence
to the hypotheses of high energy transfer efficiency in the
common-envelope phase and low natal kicks in DNS sys-
tems made by Mapelli & Giacobbo (2018).
4.4. Future prospects
In the short term, the difference between our merger
rate and that calculated by LIGO can be clarified from
the results of the third operating run (O3), which is
scheduled to run sometime in early 2019. Based on the
fiducial model in our analysis and the predicted range
distance of 120–170 Mpc for O3 (Abbott et al. 2018),
we predict, accounting for 90% confidence intervals, that
LIGO–Virgo will detect anywhere between zero and two
DNS mergers. Further detections or non-detections by
LIGO will be able to shed light on the detection rate
within LIGO’s observable volume. In addition, the local-
ization of these mergers to their host galaxies as demon-
strated by GW170817 (Abbott et al. 2017d) will deter-
mine the contribution of galaxies lacking in blue lumi-
nosity (such as ellipticals) to the total merger rate.
In the long term, with the advent of new large scale
telescope facilities such as the Square Kilometer Array
(Carilli & Rawlings 2004), we should be able to sur-
vey our Galaxy with a much higher sensitivity. Such
deep surveys might reveal more of the DNS population
in our Galaxy, which would yield a better constraint on
the Galactic merger rate.
In addition to future radio surveys, a large number of
LIGO detections of DNS mergers will allow us to probe
the underlying DNS population directly. Assuming no
large deviations from the DNS population parameters
adopted in this study (see Sec. 2 and Sec. 4), a signifi-
cantly larger number of DNS merger detections by LIGO
would imply a larger underlying DNS population. The
localization of the DNS mergers to their host galaxies
will allow us to test the variation in the DNS population
with respect to host galaxy morphology. We might also
be able to test if the DNS population in different galaxies
is similar to the DNS population in the Milky Way. This
will clarify the effect of the host galaxy morphology on
the evolutionary scenario of DNS systems.
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Figure 6. We compare the merger detection rate derived in this work with those derived in works by Chruslinska et al. (2018) and
Mapelli & Giacobbo (2018). We also plot our estimate of the merger detection rate including the correction for elliptical galaxies and
a lower luminosity population of DNS systems in the Galaxy. We can see that the rate derived in Chruslinska et al. (2018) with their
reference model is significantly lower than that predicted in this work, while their most optimistic model is consistent with our results at
90% confidence. The merger detection rates predicted by Mapelli & Giacobbo (2018) are consistent with those derived in this work.
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